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Introduction
The acute respiratory distress syndrome (ARDS) is a hypoxemic syndrome primarily treated using supportive mechanical ventilation. Although mechanical ventilation is life-saving, it can cause ventilator-induced lung injury (VILI). Therefore, the goal of mechanical ventilation is to achieve adequate gas exchange while minimizing lung injury. Multiple mechanical ventilation strategies have been developed to limit VILI. These strategies are based on the pathophysiological concept that alveolar overdistention, shear-stress, and atelectrauma (i.e., the cyclical opening and closing of unstable alveoli) are possible mechanisms that result in VILI. Targets that might aggravate or attenuate VILI, notably tidal volume and positive end-expiratory pressure (PEEP), have become the subject of extensive research.
The ARDS Network (ARDSNet) trial aimed to reduce overdistention, if necessary at the cost of suboptimal gas exchange [1] . This trial demonstrated that a ventilation strategy with low tidal volume and limited plateau pressure (Pplat ≤30 cmH 2 O) reduced mortality rate. Lachmann proposed to reduce atelectrauma and shear-stress by using recruitment maneuvers and subsequent use of higher PEEP: the "open lung concept" [2] .
The open lung concept, combined with low tidal volume seems appealing from a pathophysiological perspective, and has been very promising in experimental ARDS models [3, 4] . However, clinical evidence is inconsistent. A meta-analysis comparing higher PEEP (13-15 cmH 2 O) and low PEEP ventilation strategies reported a reduction in mortality rate, but only in a subgroup analysis of patients with moderate to severe ARDS [5] . Another meta-analysis reported a reduced mortality rate in patients with ARDS treated according to the open lung concept [6] . Amato and colleagues demonstrated in a multilevel mediation analysis that an increase in PEEP reduced mortality rate in patients with ARDS, but only if this resulted in a decreased driving pressure [7] .
The recent Alveolar Recruitment for ARDS Trial (ART) renewed the controversies about the efficacy of recruitment maneuvers and application of higher PEEP levels [8] . This trial reported that a recruitment maneuver combined with higher PEEP increased mortality rate in patients with moderate to severe ARDS. It was proposed that the overdistention caused by recruitment maneuvers and higher PEEP might be more harmful than the shear-stress and atelectrauma it prevents [9] . This raises the following question: should we abandon the open lung concept in our patients with ARDS?
In this chapter, we will briefly discuss the pathophysiology of ARDS and VILI, limitations and indications of the open lung concept, bedside monitoring to guide the open lung concept, and airway pressure release ventilation (APRV) as an alternative.
this is characterized by diffuse alveolar damage [11] . The "baby lung" model describes the pathophysiological effects of ARDS, mainly edema, on lung mechanics [12] . It is based on observations that atelectasis and edema are preferentially distributed to dependent lung regions, whereas independent lung regions are relatively well-aerated. The amount of collapse and edema formation correlates with ARDS severity. Although intrinsic elasticity of the independent lung region is nearly normal, lung function is restricted by the collapsed dependent lung region. Because the ARDS lung is small and not stiff, the term "baby lung" was proposed [12] .
The pathophysiological triad cannot be routinely measured in clinical practice. Therefore, arterial hypoxemia and bilateral opacities on chest imaging are used as clinical surrogates in the Berlin definition of ARDS [13] . Because the Berlin definition is not based on pathophysiological criteria, it poses several limitations in clinical research. Only half of clinically diagnosed patients with ARDS have diffuse alveolar damage at autopsy [14] . In addition, pulmonary and extrapulmonary insults may induce ARDS, both with a different response to PEEP [15] . As a consequence, ARDS is a heterogeneous syndrome.
The Berlin definition of ARDS specified disease severity according to the PaO 2 /FiO 2 ratio at a PEEP level of at least 5 cmH 2 O. This classification is important, as recruitability is dependent on disease severity. However, PEEP has a major effect on the PaO 2 /FiO 2 ratio and application of high PEEP could mask ARDS severity. Caironi and colleagues [16] reported that 54% of patients with mild ARDS at clinical PEEP (i.e., > 5 cmH 2 O) were reclassified as either moderate or severe ARDS at 5 cmH 2 O PEEP. In addition, the correlation between ARDS severity and lung recruitability improved significantly at 5 cmH 2 O [16] . Therefore, a fixed PEEP level should be used to assess disease severity and recruitability.
Injurious mechanical ventilation in experimental models results in diffuse alveolar damage, including interstitial and alveolar edema, hyaline membrane formation, and cell infiltration [17] . Therefore, VILI cannot be distinguished from ARDS and is potentially the most important insult that sustains or aggravates ARDS. As ARDS is characterized by baby lungs, alveolar overdistention of the independent lung is considered to be a major contributor to VILI. Initially it was unclear whether high tidal volume, high airway pressure, or both resulted in VILI. Dreyfuss and colleagues distinguished tidal volume from airway pressures in a rat model [18] . Pulmonary edema formation was assessed after 20 min of mechanical ventilation according to the following protocols: (1) high pressure (45 cmH 2 O) and high tidal volume (40 mL/kg); (2) high pressure (45 cmH 2 O) and lower tidal volume (19 mL/kg)-lower tidal volume was achieved by a thoracoabdominal strap avoiding chest wall distention; and (3) negative inspiratory pressure (iron lung) and high tidal volume (44 mL/kg). They observed that edema increased significantly in groups 1 and 3 compared to group 2, indicating that high volume and not high pressure caused lung injury. In addition, in a fourth group they reported that 10 cmH 2 O PEEP reduced edema formation.
Protti and colleagues demonstrated the beneficial effect of PEEP in combination with a reduced tidal volume [3] . In a pig model, they divided the end-inspiratory lung volume (i.e., strain) into a component generated by PEEP (static strain = PEEP volume/functional residual capacity) and a component generated by tidal volume (dynamic strain = tidal volume/functional residual capacity). Four groups were ventilated with a total strain of 2.5 (close to total lung capacity): (1) V PEEP 0% and tidal volume 100%; (2) V PEEP 25% and tidal volume 75%; (3) V PEEP 50% and tidal volume 50%; and (4) V PEEP 75% and tidal volume 25%. After 54 h, all pigs in the tidal volume 100% group had died due to massive lung edema, whereas none of the pigs in the V PEEP 75% and tidal volume 25% group had died or developed pulmonary edema. At the end of the experiment, sudden removal of PEEP in the last group did not result in pulmonary edema formation, indicating that the integrity of the alveolar-capillary barrier was preserved and PEEP did not only counteract the extravasation of plasma. PEEP has a protective effect, but tidal volume should be reduced during application of high PEEP levels.
The use of higher PEEP levels is accompanied by an increase in Pplat > 30 cmH 2 O. Since the ARDSNet trial reported that a combination of low tidal volume and a Pplat ≤30 cmH 2 O reduced mortality rates, physicians are cautious with the use of high airway pressures. However, Pplat is exerted over the entire respiratory system, including the lungs and chest wall. Chest wall elastance varies widely in patients with ARDS and contributes between 20 and 50% to total respiratory system elastance (E RS ) [19] . A Pplat of 30 cmH 2 O exerted at a stiff chest wall (50% of E RS ) results in a transpulmonary pressure of 15 cmH 2 O, whereas a similar Pplat exerted at a normal chest wall (20% of E RS ) results in a transpulmonary pressure of 24 cmH 2 O . Therefore, Pplat provides little information about the transpulmonary pressure, i.e., the distending force on the lung.
In conclusion, there is sufficient experimental evidence that high tidal volume and not high airway pressure is important in the development of VILI. In addition, higher PEEP levels are beneficial if tidal volume is reduced in order to limit the total strain (overdistention). Thus, a combination of higher PEEP and low tidal volume should be applied to reduce the development of VILI.
The open lung concept
In 1970, Mead and colleagues developed a mathematical model to estimate intrapulmonary pressures in a heterogeneously ventilated lung [20] . They stated that at the interfaces of open and collapsed lung, a transpulmonary pressure of 30 cmH 2 O could result in local pressures of 140 cmH 2 O. Based on these estimates, Lachmann hypothesized that shear-stress might be the major cause of structural damage and VILI [2] . In order to minimize shear-stress and atelectrauma in heterogeneously venti- Traditionally the open lung concept consists of a recruitment maneuver to open up the collapsed lung and high PEEP to maintain alveolar stability. According to the LaPlace law (P = 2γ/r, where P is the pressure within an alveolus, γ is the surface tension of the alveolar wall, and r is the radius of the alveolus), more pressure is required to open a collapsed or deflated alveolus in comparison to an open alveolus. Surfactant impairment in severe ARDS further increases opening pressure as a result of increased surface tension. In addition, the opening pressure of collapsed alveoli has to overcome the alveolar retractive force and the compressing force on the alveolus by surrounding lung tissue. The sum of these pressures is estimated to be 45-60 cmH 2 O in patients with ARDS [9] .
An elegant example of opening the dependent lung, although not by using high airway pressures, is the application of prone positioning. In the supine position, the weight of the ventral lungs, heart and abdominal viscera increases pleural pressure in the dorsal lung regions. The decrease in transpulmonary pressure (airway pressure minus pleural pressure) results in a reduced distending force on the dependent lung. In addition, pulmonary edema in ARDS gradually increases lung mass. Eventually the dependent lung collapses under its own weight and ventilation is redistributed to the baby lung. Application of the prone position changes gravitational forces; the dorsal lung becomes the independent lung region and is re-aerated. Due to conformational shape matching (the anatomic tendency to overdistend ventral lung regions despite gravitational forces) and a greater lung mass on the dorsal side, aeration in the prone position is more homogeneously distributed [21] . Perfusion is also distributed more homogeneously in the prone position. As a result, ventilation-perfusion matching and oxygenation improves [22] . Early large randomized controlled trials did not confirm the theoretical advantages of prone positioning. However, a meta-analysis suggested a reduction in mortality rate in patients with severe ARDS [23] . The beneficial effects of prone positioning were confirmed by the PROSEVA trial [24] . Patients with severe ARDS (PaO 2 /FiO 2 ratio < 150 mmHg) assigned to the prone group had a significantly lower 28-day mortality rate (16.0%) compared to the supine group (32.8%). Therefore, opening up the lung by prone positioning is recommended in severe ARDS. [26] . They included 33 patients with mild to severe ARDS. Four computed tomography (CT) scans were done: one at 5 cmH 2 O PEEP, and three at Pplat of 19 ± 0, 28 ± 0, and 40 ± 2 cmH 2 O during a < 5 s breath holding episode. Lung recruitment was defined as the amount of lung tissue (grams) that regained inflation as a result of the applied airway pressures (Fig. 1) . They found that the amount of lung recruitment achieved with a Pplat increase from 30 to 45 cmH 2 O was negligible in patients with mild to moderate ARDS. In contrast, a similar increase in Pplat in patients with severe ARDS resulted in a significant amount of lung recruitment. These results confirm that the amount of recruitable tissue increases with ARDS severity.
The open lung concept in mild to moderate ARDS
Multiple clinical studies have assessed the effects of recruitment maneuvers in patients with ARDS. A recent meta-analysis included 15 randomized controlled trials (a total of 3134 patients) that compared the open lung concept with other mechanical ventilation strategies in patients with ARDS [6] . The authors reported a reduced mortality rate in the patients treated according to the open lung concept. However, this meta-analysis was performed prior to the ART trial. The multicenter ART included 1010 patients with moderate to severe ARDS [8] . The objective of the study was to compare recruitment maneuvers with PEEP titrated according to best respiratory system compliance ("High PEEP") to the ARDSNet protocol ("Low PEEP"). The initial recruitment maneuver consisted of PEEP increments up to a maximum Pplat of 60 cmH 2 O. Subsequently, a decremental PEEP trial was performed and the PEEP associated with the best compliance plus 2 cmH 2 O was applied. After three cases of resuscitated cardiac arrests, the recruitment maneuver was modified to a maximum Pplat of 50 cmH 2 O. The high PEEP strategy resulted in an increased 28-day mortality rate (55.3% vs. 49.3%). There are two major explanations for the increased mortality rate after a recruitment maneuver. A first explanation is the included study population, as 599 of 1010 patients (59.3%) had moderate ARDS. According to Fig. 1 , an increase of Pplat to 60 cmH 2 O in moderate ARDS results in a negligible amount of recruited lung tissue at the cost of overdistention. A subgroup analysis supports this hypothesis, as the increase in mortality rate was more pronounced in patients with moderate ARDS, whereas mortality was similar in the two groups in patients with severe ARDS. Gattinoni and colleagues estimated the power delivered to the lung during the ART trial. They found that the power delivered to mild ARDS lungs was three times greater than to severe ARDS lungs (1169 J vs. 390 J) [9] . Second, the ART trial did not distinguish between responders and non-responders. A mean reduction in driving pressure of only 2 cmH 2 O was found, indicating that the recruitment maneuver was inadequate to open up the lung and increase functional residual capacity in most patients. In conclusion, this study found an increased mortality rate after the application of a mild recruitment maneuver and subsequent PEEP titration based on best compliance in patients with moderate ARDS.
In addition, a trial comparing high-frequency oscillatory ventilation (HFOV) with the ARDSNet protocol in patients with moderate to severe ARDS was terminated prematurely, as a trend towards increased mortality was observed in the HFOV group [27] . In this trial, HFOV was applied in accordance with the open lung concept strategy: first a recruitment maneuver was performed by increasing the distending pressure to 40 cmH 2 O. Subsequently, mean airway pressure was set at 30 cmH 2 O and reduced based on target oxygenation in combination with very low tidal volume (1-2 mL/kg) and high respiratory frequency. However, as in the ART trial, a subgroup analysis demonstrated that mortality rate was not increased if HFOV was applied in patients with severe ARDS. An individual patient data meta-analysis of four HFOV trials (1552 patients with ARDS) found that HFOV might even reduce mortality rate in patients with severe ARDS, whereas mortality was increased in patients with mild ARDS [28] . This suggests that a strategy of higher mean airway pressure results in an increased mortality rate in patients with moderate ARDS due to PEEP or distending pressure, whereas in patients with severe ARDS higher mean airway pressure might be beneficial.
The open lung concept in severe ARDS
In patients with severe refractory hypoxemia under the ARDSNet protocol there are three possible treatment strategies: (1) maintain ARDSNet protocol and accept hypoxemia; (2) convert to venovenous extracorporeal membrane oxygenation (VV-ECMO); or (3) initiate mechanical ventilation according to the open lung concept, thus accepting airway pressures > 30 cmH 2 O (Fig. 2) . The EOLIA trial compared early application of VV-ECMO with the ARDSNet protocol in patients with very severe ARDS [29] . The authors reported that VV-ECMO did not reduce 60-day mortality rate. In addition, VV-ECMO is associated with a high complication rate (up to 40%), including intracranial hemorrhage resulting in death [30] .
In a retrospective analysis of patients treated according to the open lung concept who met the EOLIA inclusion criteria, we observed a 30-day mortality rate of 25% as Fig. 1 Lung recruitment as a function of airway pressure. This figure represents the amount of lung tissue (grams) recruited as a function of applied airway pressure. Estimates were based on computed tomography (CT) images of patients with acute respiratory distress syndrome (ARDS). Green: mild ARDS, blue: moderate ARDS, red: severe ARDS, dark red: severe ARDS with venovenous extracorporeal membrand oxygenation (VV-ECMO). From [26] with permission compared to 35-46% in the EOLIA trial [29] . This supports our hypothesis that there is an indication for the open lung concept in patients with severe ARDS. However, it is essential that recruitment maneuvers and high Pplat are guided by strict monitoring.
Inspiratory pressure is limited by transpulmonary pressure instead of Pplat . Transpulmonary pressure is estimated with an esophageal balloon catheter. An inspiratory transpulmonary pressure of < 25 cmH 2 O is considered to be lung protective ventilation regardless of Pplat [19] . Grasso and colleagues measured transpulmonary pressure in 14 patients with severe ARDS who were referred to their ICU for VV-ECMO [19] . In half of the patients, transpulmonary pressure was > 25 cmH 2 O and in these patients VV-ECMO was initiated. In the other patients, transpulmonary pressure was < 25 cmH 2 O and therefore PEEP was increased from 17 to 22 cmH 2 O until transpulmonary pressure was equal to 25 cmH 2 O. The authors accepted airway pressures up to 38 cmH 2 O. In these patients, oxygenation improved and they did not require VV-ECMO.
In order to prevent overdistention, it is important to distinguish responders to a recruitment maneuver from non-responders. Responders can be identified by an increase in oxygenation, compliance and/or a significant reduction in driving pressure. The reduction in driving pressure is a direct result of opening up the lung, thereby increasing functional residual capacity. In our experience, driving pressure is reduced rapidly after a recruitment maneuver in responders. The extent to which the driving pressure has to decrease in order to be a responder is unclear. The multilevel mediation analysis by Amato and colleagues suggests that a driving pressure of ≤15 cmH 2 O reduces mortality rate in patients with ARDS [7] . However, in the ART trial, driving pressure was reduced from 13.5 to 11.5 cmH 2 O after a recruitment maneuver and still resulted in an increased mortality rate. Although driving pressure decreased initially, an increase was observed afterwards, whereas driving pressure in the control group remained stable. This suggests that maintaining a low stable driving pressure might be more important than the absolute value of the driving pressure. In non-responders, functional residual capacity does not increase after a recruitment maneuver. Thus, PEEP should not be increased as this results in increased overdistention of the baby lung (Fig. 3 ).
Slow recruitment with airway pressure release ventilation
Time is an important variable in both alveolar recruitment and stabilization, yet often overlooked. The application of 30 cmH 2 O to a lung inflated at 5 cmH 2 O for 2 s opens up approximately 75% of alveoli [31] . Continuation of 30 cmH 2 O for 40 s gradually increases the proportion of open alveoli to 85%. In the expiratory phase, there is a delay of approximately 0.17 s before alveolar collapse commences and at 0.25 s an alveolus is collapsed [32] . Inspiration time in the ARDSNet protocol is too short to recruit the majority of alveoli and too long to prevent the alveoli from collapsing. APRV might address both problems. APRV consists of a continuous positive airway pressure (P high ) with a brief intermittent release phase (P low ) for expiration and CO 2 removal. Patients are allowed to breath spontaneously independent of ventilator cycles. P high slowly recruits the lung and a short P low prevents alveolar collapse. Eventually, the lung is open and stable. However, in experimental models, heterogeneity is increased if P low is set too long, giving the alveoli sufficient time to collapse [33]. Zhou and colleagues compared APRV 50% with the ARDSNet protocol in patients with moderate to severe ARDS [34] . They reported a trend towards a reduced ICU mortality in the APRV group: 19.7% vs. 34.3%. The number of ventilator-free days, oxygenation and respiratory system compliance were in favor of the APRV group. In this study, the investigators aimed for a spontaneous minute ventilation of at least 30% of total minute ventilation. The contraction of the diaphragm during spontaneous breathing is more pronounced in the dorsal lung region and assists in opening up even the most dependent lung regions. In conclusion, APRV results in an open lung by slow recruitment, alveolar stabilization and contraction of the diaphragm. Multiple studies using recruitment maneuvers with airway pressures up to 50-60 cmH 2 O showed improved oxygenation and not reduced mortality rates. The ART trial found an increased mortality rate when a recruitment maneuver was combined with decremental PEEP titration based on best compliance in patients with moderate to severe ARDS [8] . The application of HFOV and high mean airway pressures in patients with ARDS increased mortality rate as well [27] . However, subgroup analyses of both trials showed that mortality rate increased in patients with moderate ARDS, but was similar or even reduced in patients with severe ARDS [28] . Apparently, the application of higher PEEP or distending pressures increases mortality in patients with moderate ARDS due to overdistention, despite best PEEP titration. This observation indicates that high airway pressures should not be used in patients with moderate ARDS.
We propose that the open lung concept should be applied in patients with severe ARDS with refractory hypoxemia under the ARDSNet protocol, but only if a patient is a responder to recruitment. In patients who do not respond to recruitment, PEEP should be reduced and VV-ECMO may be considered. As both the open lung concept and VV-ECMO require clinical expertise, we recommend that this strategy be applied in tertiary referral centers. The exact definition of a responder remains to be elucidated. After a recruitment maneuver, driving pressure, oxygenation, and compliance should improve, but to what extent remains unclear. . Lung aeration at expiration is schematically depicted in the ARDSNet protocol (left) and in responders (middle) and non-responders (right) to the OLC, i.e., a recruitment maneuver and higher positive end-expiratory pressure (PEEP) levels. In responders, functional residual capacity increases in response to recruitment, resulting in reduced strain and driving pressure. In non-responders, functional residual capacity does not increase following a recruitment maneuver. Subsequent application of higher PEEP levels results in alveolar overdistention. Very light blue: overdistention; light blue: normally aerated lung tissue; dark blue: collapsed alveoli
